Microglia are the primary resident immune cells of the central nervous system (CNS). They are the first line of defense of the brain's innate immune response against infection, injury, and diseases. Microglia respond to extracellular signals and engulf unwanted neuronal debris by phagocytosis, thereby maintaining normal cellular homeostasis in the CNS. Pathological stimuli such as neuronal injury induce transformation and activation of resting microglia with ramified morphology into a motile amoeboid form and activated microglia chemotax toward lesion site. This review outlines the current research on microglial activation and chemotaxis.
INTRODUCTION
Microglia are the primary mediators of innate immune response in the brain to infection, injury, and diseases. Microglia are derived from primitive hematopoiesis in the fetal yolk sac and take up residence in the brain during early fetal development, and transform into mature ramified microglia either through or not through the stages of amoeboid microglia (Fig. 1A ) (Prinz and Priller, 2014; Streit et al., 1988) . Under physiological conditions microglia in the central nervous system (CNS) exist in the ramified state, it is also called 'resting' state. The resting microglia are characterized by small cell body with elaborated thin processes with multiple branches in all directions (Kreutzberg, 1996) . The processes of resting microglial cells are constantly moving through its territory, and senses changes in the environment (Kettenmann and Verkhratsky, 2011; Nimmerjahn et al., 2005) .
MICROGLIA ACTIVATION
When a neuronal damage is detected by microglial cells, they initiate specific programs that result in the gradual transformation of ramified microglia into 'activated microglia' or 'reactive microglia' which shows retracted processes and enlarged cell bodies (Fig. 1B) . This progression is referred to as 'microglia activation'. Microglia activation includes thickening and retraction of processes, increase in cell body size, changes in the expression of various enzymes and receptors, and secretion of cytokines (Kreutzberg, 1996; Stence et al., 2001) . After pathological stimuli, activated microglia moves using amoeboid-like movements and gather around the lesion site where they undergo further transformation and become phagocytes, clearing cellular debris by phagocytosis (Kettenmann and Verkhratsky, 2011) . Recent evidences indicated that microglia exhibit two functionally different activation states that are referred to as classical (proinflammatory, M1) and alternative activation (anti-inflammatory, M2). Cytokines such as Interferon  (IFN), interleukin 1 (IL-1), interleukin 12 (IL-12), and interleukin 6 (IL-6) as well as lipopolysaccharide (LPS) induce M1 phenotype and result in production and release of pro-inflammatory cytokines such as tumor necrosis factor-alpha (TNFα) and IL-6, matrix metalloproteinase 9 (MMP-9), nitric oxide (NO), and reactive oxy-A B gen species (ROS) (Barcia et al., 2012; Delgado, 2003; Suzumura, 2013) . Chronic activation of microglia may cause inflammation-mediated neurotoxicity through secretion of inflammatory molecules (Block, 2014; Gordon, 2003; Streit, 2002) . In contrast, M2 microglia, induced by cytokines interleukin 4 (IL-4), interleukin 13 (IL-13), interleukin 10 (IL-10) and transforming growth factor  (TGF), are primarily associated with tissue repair and extracellular matrix composition (Colton and Wilcock, 2010; Gordon, 2003; Town et al., 2005) .
MICROGLIAL CHEMOTAXIS AND ITS REGULATION
Under pathological stimuli, activated microglia exhibits a directional migration toward the site of injury using chemoattractant gradient as a directional cue. The motility of microglial cells is regulated by intracellular signals through various signaling cascades including receptors and kinases. Even though intracellular signals underlying the regulation of microglia chemotaxis are still not well understood, many attempts focusing on revealing and understanding signaling pathways controlling microglia chemotaxis have been made in recent years. Signaling pathways reported to be involved in the regulation of microglia chemotaxis were depicted in a diagram (Fig. 2 ).
Phosphoinositol-3-kinase (PI3K) and microglial chemotaxis To sense and respond to concentration gradients, internal signaling polarity aligned with the concentration gradient has to be established in the cell, and phosphoinositol-3-kinase (PI3K) has been known to play an essential role in establishing the polarity. Selective localization of PI3K to the leading edge membrane upon exposure to a chemoattractant gradient allows the spatially restricted production of phosphatidylinositol 3,4,5-triphosphate (PI (3,4,5) P 3 ), which induces F-actin polymerization at the front of migrating cells (Haugh et al., 2000; Parent et al., 1998; Rickert et al., 2000) . Furthermore, a positive feedback loop between PI3K and Factin polymerization regulated by Rac GTPase has been suggested in previous studies (Wang et al., 2002; Weiner et al., 2002) . Rac and F-actin mediate the location of the PI3K to the cell membrane where Ras can locally activate the PI3K and further release second messenger PI (3,4,5) P 3 , increasing the F-actin polymerization (Sasaki and Firtel, 2006) . The spatially and mutually exclusive localization of the PI3K and PTEN phosphatase provides a mechanism to sharply regulate the membrane localization of PI (3, 4, 5) P 3 , creating a steep intracellular signaling gradient (Castellano and Downward, 2010) . Activation of the PI3K pathway via ionotropic P2X receptors is also required for microglial chemotaxis in response to chemoattractant ATP. It has been shown that antagonists of P2X 4 R significantly inhibited PI3K activation and microglial chemotaxis (Ohsawa et al., 2007) . ADP stimulation also induced PI3K activation and Protein Kinase B (Akt) phosphorylation in microglia via metabotropic P2Y 12 receptor (P2Y 12 R) as Akt phosphorylation was inhibited by a P2Y 12 R antagonist (Irino et al., 2008; Lee et al., 2011) . Secretion of MMPs degrading extracellular matrix is one of the hallmarks of microglia activation and plays an important role in cell migration. Induction of MMP expression has been demonstrated to be regulated by PI3K-Akt signaling cascade when microglia are stimulated by agents such as -Amyloid or LPS (Ito et al., 2007) . Thus, PI3K signaling cascade has been considered as an essential component for the regulation of cell polarity and chemotaxis.
PLA 2 : unexpected player in the regulation of chemotaxis Recent evidences also point that additional pathways act in 3'-PI signaling pathway. A genetic screen in Dictyostelium to identify redundant pathways revealed that loss of calciumindependent phospholipase A 2 (iPLA 2 ) made chemotaxis become more sensitive to reductions in PI3K activity (Chen et al., 2007) . Strong chemotaxis defects are observed only when both the PI3K and iPLA 2 are disrupted. Likewise, pharmacological inhibition of both PI3K or PLA 2 is required to prevent chemotaxis in steep cAMP gradients, suggesting that PI3K and iPLA 2 are two redundant mediators of chemotaxis (van Haastert et al., 2007) . Recent studies showed that reduced expression of iPLA 2 or cPLA 2 leads to a significant chemotaxis defects of monocytes toward monocyte chemoattractant protein-1 (MCP-1), mainly due to the reduction of speed (Carnevale and Cathcart, 2001) . iPLA 2 also appeared to regulate directionality and actin polymerization during monocyte chemotaxis (Mishra et al., 2008) . Recently, a study on the role of iPLA 2 in regulating microglia chemotaxis showed that iPLA 2 regulates PI3K activity via Src family kinases activation (Lee et al., 2011) . Inhibition of iPLA 2 with a highly selective inhibitor, bromoenol lactone, resulted in a significant reduction in the activation of the PI3K-Akt signaling which requires Src activity. It was further demonstrated that iPLA 2 activity is specifically required for the trafficking of c-Src back to the plasma membrane. Additional evidence for the important role of iPLA 2 in the regulation of microglia chemotaxis was from the study showing that the recycling of internalized α6 integrin vesicles and their delivery to focal adhesions also requires iPLA 2 activity during microglia chemotaxis (Lee et al., 2016) . Results from studies on chemotaxis of different types of cells clearly indicate that iPLA 2 takes a significant part in the regulation of chemotaxis.
Ionotropic (P2X) and metabotropic (P2Y) purinergic receptors and microglial chemotaxis Microglia express both ionotropic (P2X) and metabotropic (P2Y) purinergic receptors that have important roles in activation, motility or paracrine signaling of these cells (Honda et al., 2001; Inoue, 2002; Sasaki et al., 2003) . In a brain with damaged neurons and astrocytes, large amounts of nucleotides (ATP and ADP) are released from these cells (Dubyak and el-Moatassim, 1993; Neary et al., 1994) . The extracellular nucleotides may play a role in modulating the microglial function in the early phase of pathological conditions. Extracellular ATP or ADP released from damaged neurons and surrounding astrocytes serves as a chemoattractant and induces microglia chemotaxis. The increase of membrane ruffling and chemotaxis upon ADP stimulation through Gi/ocoupled P2Y 12 receptor (P2Y 12 R) has been observed in cultured rat microglia (Davalos et al., 2005; Haynes et al., 2006; Nasu-Tada et al., 2005) . The intracellular signaling pathways evoked by the activation of P2Y 12 R during microglia chemotaxis are not understood well but has been under many investigations recently. Ohsawa et al. (2007) reported that membrane ruffling induced by ADP via P2Y 12 R is not dependent upon PI3K activation, whereas the ATP gradientdependent cell migration requires PI3K activation. In a later study, they reported that Akt activation is dependent not only dependent on the PI3K pathway but also on a phospholipase C (PLC)-mediated increase in intracellular calcium (Irino et al., 2008) . P2Y 12 R was reported to be linked to a potassium channel, and ATP/ADP-induced activation of P2Y 12 R elicits an outward potassium current in microglia (Swiatkowski et al., 2016) . Blocking this current abolished chemotaxis to ATP, suggesting that this current plays an important role in the regulation of microglia motility.
Role of Protein Kinase A (PKA) in the regulation of microglia chemotaxis
The role of PKA for microglia activation has been suggested as increases in TNFα mRNA resulting from LPS stimulation Fig. 2 . Simplified representation of major signal transduction pathways regulating coordinate control of microglia chemotaxis. Chemoattractant (ADP or ATP) triggers signaling by activating its specific G i/o -coupled receptor, P2Y 12 , which leads to the elevation of PI (3, 4, 5) P3 by the activation of PI3K via Gi and PI3K via G, leading to the activation of Akt. Ras is activated at the leading edge and also important for the activation of the PI3K pathway. Greleased from Gi also can elevate intracellular cAMP by the activation of ACcausing VASP phosphorylation by PKA. Activation of Src via Gi causes phosphorylation of paxillin at Tyr 31 , which is essential for focal adhesion assembly. ADP stimulation of P2Y 12 R recruits -arrestin which recruits and activates ERK1/2. ERK1/2 phosphorylates Ser 83 of paxillin that is required for adhesion disassembly. Activation of P2Y 12 R increases iPLA2 activity which is required for the vesicular recycling of integrin and Src.
were reduced significantly by the neuropeptide vasoactive intestinal peptide (VIP) and the structurally related peptide pituitary adenylyl cyclase-activating polypeptide (PACAP) (Kim et al., 2000) . The action of VIP is mediated by the elevation of intracellular cAMP and PKA activation as forskolin mimics the action and PKA inhibitor reverses the neuropeptide-induced inhibition. The role of PKA in the regulation of microglia chemotaxis has also been investigated. cAMPelevating agents such as forskolin or dibutyryl cAMP were reported to inhibit ADP-induced membrane ruffling and chemotaxis, suggesting that increase of intracellular cAMP and PKA activation might have a negative effect on ADPinduced cell migration. Mechanism of this inhibition has been suggested later by Lee and Chung (2009) . They reported that activation of P2Y 12 R by ADP stimulation caused the elevation of intracellular cAMP concentration via the activation of adenylyl cyclase (AC) by G  released from Gi. This leads to the activation of PKA and prolonged phosphorylation on Ser 153 of vasodilator-stimulated phosphoprotein (VASP) by PKA causes impaired focal adhesion formation/ maturation and ruffle formation, resulting in chemotaxis defects. Association of VASP with focal adhesions and areas of dynamic membrane activity suggest that VASP plays a pivotal role in actin filament assembly and cell motility. The regulation of phosphorylation and dephosphorylation on VASP might be required for the membrane ruffle formation and growth of adhesion strength during membrane protrusion and retraction, exerting a direct impact on cell's ability to chemotaxis (Lee and Chung, 2009) . It has been reported that ADP stimulation via P2Y 12 R induces the translocation of 1 and 6 integrins to the membrane ruffle regions (Lee et al., 2016; Nasu-Tada et al., 2005) . Redistribution of 1 was lost when the intracellular cAMP was increased, suggesting that PKA is a negative regulator of the 1 integrin translocation, resulting in a significant impact on microglia chemotaxis (Nasu-Tada et al., 2005) .
Role of ERK 1/2 in the regulation of microglia activation and chemotaxis Extracellular signal-regulated kinases (ERKs) or classical MAP kinases are known to play important roles in the signaling pathways that regulate microglia activation and chemotaxis. The increase in the phosphorylation of ERK and p38 MAPK in response to LPS has been reported (Wang et al., 2011) and elevated activity of ERK1/2 resulted in increased expression of proinflammatory cytokines. Stimulation of microglia with stromal cell-derived factor-1 (SDF-1) via CXC chemokine receptor 4 (CXCR4) induces microglia activation and IL-6 production through PI3K and ERK signaling pathways (Lu et al., 2009) . P2Y 12 R has been shown to be involved in the microglia activation as antagonists of the P2Y 12 /P2Y 13 receptor had inhibitory effects on the morphological changes of microglia associated with activation such as retraction of processes (Haynes et al., 2006; Tatsumi et al., 2015) . Elevated activity of ERK1/2 via P2Y 12 R has also been reported in ADP-stimulated platelets (Shankar et al., 2006) and this activation could be blocked by either forskolin or analogs of cyclic AMP, indicating a crosstalk between ERK1/2 and PKA (Zhang et al., 2016) . The mechanism of ERK1/2 activation from P2Y 12 R upon ADP stimulation in microglia was unclear until recently. Lee et al. (2012) revealed a mechanism by showing that activation of ERK1/2 is dependent upon -arrestin recruitment to P2Y 12 R. They also showed that activation of ERK1/2 has a significant impact on chemotaxis by causing an increase in the phosphorylation of Ser 83 of paxillin (a major component of focal adhesion) that is required for adhesion disassembly during chemotaxis (Lee et al., 2012) . Thus, change in ERK1/2 activity has a direct impact on chemotaxis through the regulation of focal adhesion dynamics.
Src family kinases and microglial migration Src family kinases are non-receptor tyrosine kinases, and elevated Src activity is suggested to be linked to cancer progression and many other cellular activities including chemotaxis. CD36 on the microglia cell surface have been implicated in the innate immune response and chemotaxis of microglia to -amyloid (Stuart et al., 2007) . Binding of-amyloid to CD36 activates Fyn, a Src family kinase, which phosphorylates a scaffolding protein, p130Cas. p130Cas then acts as a scaffold to recruit proline-rich tyrosine kinase 2 (Pyk2) and paxillin, and assembly of this complex is essential for microglia migration. Translocation of the p130Cas complex to the membrane ruffles and the leading edge also coincide with the F-actin polymerization, indicating -amyloid-induced CD36 signaling might also regulate the F-actin polymerization and cell migration. It has been demonstrated that c-Src activity is increased upon ADP stimulation via P2Y 12 R and enhanced c-Src activity is required for PI3K activation upon ADP stimulation (Lee et al., 2011) . In a later study, c-Src was shown to be required for the phosphorylation of paxillin at Tyr 31 , which is essential for focal adhesion assembly and microglia chemotaxis (Lee et al., 2012) .
CONCLUSION
Hyper-activation of microglia may cause neuronal damage through the exaggerated secretion of potentially inflammatory molecules. Pathological activation and chemotaxis of microglia have been reported in several neurological diseases such as Alzheimer's disease. Therefore, understanding of microglia function may be essential for designing rational approaches for therapeutic modulation of neuroinflammation and a better understanding of microglia proliferation and chemotaxis may have important therapeutic implications for neurodegenerative diseases.
